The in situ uptake from the rat jejunum of liposomes prepared fr >m various saturated phosphatidylcholines in the presence or absence of cholesteol was determined. Liposomes prepared from distearoylphosphatidylcholine.
Introduction
The oral route of administration has the advantage of convenience. versatility. and safety. Many drugs cannot be administered orally due to chemical ir stability or poor absorption from the gastrointestinal tract. Recent studies have sug:gested that liposomes may be able to facilitate the gastrointestinal absorption or drugs by protecting labile compounds from degradation, or by enhancing the uptake of poorly absorbed compounds (Pate1 and Ryman, 1976; Dapergolas and Gregoriadis, 1977) . The broad spectrum of liposomal properties, together with the abil; ty of many Liposomes were formed by adding 1.0 ml of PBS to the dried lipid via s followed by incubation for 30 min in a water bath at a temperature 2-3OC above the phase transition temperature of the phospholipid component. Compounds whil:h were to be entrapped were dissolved in PBS before being added to the vials conaining the dried lipids. Dispersion of the lipids was aided by agitation in a vortex mu er for 3-5 min during the incubation step. The vials were then sonicated for 30 s in a bath-type sonicator (Branson Cleaning Equipment, Shelton, CN) at the same temferature as the incubation, and allowed to equilibrate at room temperature for at lea',t 4 h.
Free and entrapped aqueous markers were separated by passing the liposome suspension through a 1 x 45 cm column of Sephadex G-SO (coarse) (Pharmacia, Piscataway. NJ). Liposomes eluted (with fresh buffer) immediately afte. the void volume and the first 3 ml of this fraction were collected and further 'uashed' by centrifugation 3 times for 8 min at 8000 rpm. Each time the supernitant was removed and the liposome pellet resuspended in 2-4 ml of buffer. Lipo ;omes not containing entrapped markers. i.e. 'empty' liposomes. were also subje:t to this procedure.
Scuming trunsmission electron microscopy (STEM)
Empty liposomes and llposomes containing PEG-4000 were examined lmder the STEM (Jeol, Tokyo, Japan) by a procedure similar to that described by I&yamoto an.d Stoeckenius (1971) in order to characterize the preparations and to de termine if the entrapment of certain macromolecuies produced any gross structura' changes. All hposomal preparations tiiested appeared muhilamellar and heterodisper ;ed in size (with a mean diameter of 0.2 pm and a particle size range of 0.08-0.3 urn). The liposomes appeared to be unaffected by entrapment of any of the marker used.
In situ rat intestinal uptake
A modified in situ Doluisio Method (Komiya, et al., 1980) was employel 1 in these studies. Male Sprague-Dawley rats, fasted overnight. weighing between 2510-300 g were anesthetized with 20% ethyicarbamate (Sigma Chemicals, St. La&, MO) solution by two l-ml intraperitoneal injections I5 min apart. A midline abdominal incision was made from which the small intestine could be exposed. The proximal end of the jejunum was first cannulated with L-shaped tubing (4 mm o.lJ.; 2 mm i.d.). A second cannula was then placed 22 cm distal to the first and the seg ment was rinsed with 0.9% sodium chloride at 37 OC until clear. The segment was ar eanged in S-shaped curves free of constrictions, covered with gauze, and kept moist yvith 0.9% sodium chloride solution ait 37OC. the cannulas were attached to the barrels of plastic, disposable 5-ml syringes (Becton Dickenson. Rutherford, NJ) whicl I were, in turn, connected to a 2-directional piston air pump (Fluid Meter, Oyster Ilay, NY).
The jejunal segment was given a final rinse of PBS before the sta *t of the experiment. Two ml of liposome suspension or PBS solution were introduced into the lumen of the segment and oscillated back and forth twice before taking the 'zero-time' sample. The fluid was pumped at 0.075 ml/s and the direction was reversed approximately every 10 s so that not more than 0.75 ml were displaced from the se,gment at any given time. Sample volumes of 25 ~1 were taken from the distal cannula every 5 min for 30 min. No significant water flux into or out of the jejunum was detected in experiments using trace amounts of [3H]PEG in PBS. On occasion, some liposome experiments did exhibit a high degree of water loss from the jejunum. This was usually associated with visible signs of trauma, i.e. restricted blood flow or bleeding at the site of cannulation. The results of such experiments were not used.
A second difficulty which was encountered in the uptake studies was the visible aggregation or 'clumping' of the liposome suspension during the experiment. This phenomenon appeared to be due to excess mucous of the jejunum, or to secretions as a result of tissue damage at the site of cannulation. When visible clumping of the liposomes was observed, the experiment was discarded.
Tissue .wmpling
Ti.ssue sdubiliza f ion studies
In situ uptake studies using empty DSPC-CHOL (2 : 1) liposomes with [14C]DSPC were performed as described earlier. At the end of each experiment the liposome suspension was removed and replaced with 2 ml of PBS. After 1 h the rats were sacrificed and the liver, spleen, lymph nodes, and thoracic lymph duct were removed. The liver and spleen were lightly rinsed and excess water was removed with filter paper. Samples of between 100-200 mg were taken from the liver and spleen, whereas the entire lymph nodes or ducts (17--275 mg) were used.
Tissue samples were placed in 20 ml scintillation vials with plastic-lined screw caps and dissolved with 1.0 ml of scintillation grade tissue solubilizer (Eastman Kodak, Rochester, MY) at 40aC for 24-48 h. Samples were then decolorized by adding 0.5 ml of 30% hydrogen peroxide. Ten ml of aqueous scintillation cocktail (Amersham. Arlington Heights, IL) were added and the samples were stored in the dark for 24 h before being placed in a LS-9000 Beckman scintillation counker (Beckman Instruments. Irvine, CA).
In situ rat intestin#al uptake experiments, using entrapped inulin, were performed to assess the ability of DSPC-CHOL liposomes to facilitate the oral uptake of entrapped drug as determined by its appearance in the urine. At the beginning of each experiment all urine was removed directly from the bladder by syringe. The entire urinary output during each experiment (0.3-0.5 ml) was assayed by liquid scintillation counting. Four separate experiments were performed where the liposome suspensions were allowed to remain in the jejunum for 0.5. 1.5, 3.0 and 3.5 h total.
Tissue ox.ic/arion sfudies
In situ uptake studies using washed DSPC-CHOL (2: 1) liposomes with trace the liposomal suspension was removed and the segment was rinsed vigorous y 3 times with 3-4 ml of PBS, or until the rinsings were devoid of significant amount I of radioactivity. The rat was then sacrificed and the jejunal segment was remc ved immediately and stored below OOC.
A 10% (w/v) aqueous homogenate of each segment was prepared and three 1 -ml samples were dried in cellulose sample cups. The samples were oxidized in a Mc del 306 Packard Tricarb Sample Oxidizer (Packard Instruments, Downers Grove. L). with 99% recovery of both "C and 'H as demonstrated by standardiza?ion prtcedures. Each isotope was recovered separately. The 14C (as COZ) was trappec in Carbo-Sorb (Packard Instruments, Downers Grove, IL) with Permaflour (Pack 3rd Instruments. Downers Grove, IL) used as the scintillation cocktail and 'H (as H !O) was trapped and counted in Ready-Solv MP (Beckman Instruments. Irvine. CA;.
Results and Discussion
The uptake of 'blank' or 'empty' liposomes of various lipid compositions from .he rat jejunum, summarized in Table 1 , exhibits apparent first-order kinetics. In all cases a plot of the log of the fraction remaining time was linear over the full 30 r tin of the experiment. The rate constant for uptake, b,. is the slope of the above flat calculated by least-squares linear regression. Lipid c'>ncentrations in the liposo ne suspensions varied betwcvtn 1.16 and 8.25 ~mole/ml. No correlation between upt; ke and lipid concentration was found for the liposomes tested. The size distribution of the liposome suspensions with identical lipid compositions should not be affected by the lipid concentration since all liposomes were prepared in the same manner. But diluted to different degrees during gel chromatography. There is remarkably Ii tle variability in uptake for a given liposome composition since the liposomes were rot fractionated with respect to size and varied by almost one order of magnitude H ith respect to lipid concentration.
The Rate constant for uptake, k,, is greatest for DSPC and DSPC-CHOL liposcxmes. The remaining lipid compositions exhibit similar rate constants except for DPPC, which had the lowest uptake of any lipid. The values of the phase transition temperatures for DMPC, DPPC and DSPC were determined by differential scanning calorimetry to be 22.3, 41.1 and 56.7')C, respectively. At the experimental temperature of 37OC, DMPC liposomes wou?d exist in the liquid crystalline (fluid) state. while DSPC liposomes would exist in the gel (solid) state. At 37OC, DPPC liposomes would be close to their transition temperature and virtually at the pre-transition peak temperature (36-38OC) which corresponds to increased polar head group mobiliity (Ladbrooke et al., 1968) . Liposomes are known to exhibit unique behavior near their phase transition temperatures. such as showing dramatic increases in permeability (de Gier et al., 1978) .
Addition of at least 33 mole% cholesterol to liposomal systems essentially eliminates the phase transition of the lecithin components (Hinz and Sturtevant, 1972) . The inclusion of cholesterol to the DMPC or DSPC liposomes did not significantly alter their uptake profile. With DPPC liposomes. the addition of cholestlerol increased the value of k,,. indicating a return of the bilayer to a more stable arrangement_
It should be poimed out that k u may represent numerous simultaneous liposomal uptake processes by the jejunum such as surface adsorption and transport. The values of k, do not differentiate these events.
In order to test for the possible occurrence of lipid exchange between liposomes and cell membranes in the jejunum, experiments were carried out with ['4C]lecithins and [ 'Hjcholesterol dual-labelled liposomes. The results, shown in Fig. 1 , display an identical decrease for both markers indicating that lipid exchange is not significant during these uptake experiments. These results also strongly suggest that the ul take process involves intact liposomes.
Tissue distribution studies
The feasibility of using liposomes as an oral dosage form ultimately depends rtpon their ability to deliver compounds to the systemic circulation. Therefore. inves;Ligations of the fate of liposomal lipids and entrapped compounds following their in situ uptake were pursued. If liposomes are absorbed intact from the gut. as has ,,een proposed (Rowland and Woodley, 1981) . their distribution should approximate that of parentally administered liposomes.
Since the k u values for DSPC-containing liposomes are greater than for the c ther systems tested, and since Rowland and Woodley (1980) demonstrated that DI\lPC and DPPC liposomes, even in combination with cholesterol. are unstable in the gastrointestinal environment, all tissue distribution studies were limited to DSPC/CHOL liposomes. Distribution studies were performed in order to determine whether liposome-; or their lipid components could be detected in various tissues. Radioactivity was found in only trace amounts in lymph and spleen (less than 0.5% of the absorbed dose). but was uniformly absent from liver samples. It is clear from this data that liposo,mal lipids are not able to gain access to either the lymphatic or general circulatioil in significant amounts under the conditions of these experiments. The absorption of intact liposomes into the blood does not appear to be a possible explanation for the activity found in these samples. It is unlikely that liposomai uptake by the spleen could occur in the absence of hepatic uptake since the mechanism is the same in both organs (Poste. 1983) . Also, previous studies have consistently indicated that the liver is the primary site of recovery of liposomes from the general circulation (Gregoriadis et al., 1983) . Furthermore, no evidence of inulin in the urine could be detected for the systems tested.
The results of these distribution studies provide valuable information on the ability of liposomes to act as an oral drug delivery system. DSPC-CHOL liposot les appear to withstand gastric acidity and disruption by bile salts (Rowland 2 nd Woodley, 1980) . The results of our in situ experiments indicate apparent uptake of these liposomes from the lumen of the jejunum. However. neither the liposoroal lipids nor entrapped, non-absorbable markers appear to be able to gain access to other tissues.
Mass balance determination
More detailed knowledge of the fat of liposomal lipids and entrapped compour ids can be acquired by investigating the recovery of radioactive markers (both lipid and entrapped compound) from the jejunal segment. The method which proved to be most successful for intestinal tissue samples was tissue oxidation. The rest Its obtained by this method are shown in Fig. 2 .
A significant fraction of the suspension is retained by the jejunum despite vigorous rinsing with buffer. The final rinse was determined to be free of acti\ ity thus indicating that the liposomes remaining in the jejunum may be adsorbed by some mechanism to the mucous or intestinal epithelium, or tightly adsorbed to the epithelial cell membrane. The partial recovery of radioactivity by rinsing suggests that a portion of the liposomes are taken up by a weak adsorption mechanism. Therefore, the uptake rate constants are a function of two or more mechanisms. It should be noted, that in all cases tested, mass balance was greater thau 95%.
The data from the entrapped glucose experiments suggest that the liposomes remain intact regardless of the mechanism by which they become associated with the jejunum. The almost full recovery of glucose strongly suggests that the fusion mechanism is not an important one, since if it was, glucose would be rapidly lost from the jejunum. The results also demonstrate that neither well-absorbed nor non-absorbed compounds can be effectively absorbed in entrapped form under these experimental conditions.
It may be concluded that in situ studies can provide a kinetic aualysis of liposomal uptake from the jejunum. This technique allows access to other tissue compartments while maintaining control over a number of parameters at the absorption site. There is no evidence that liposomal lipids or entrapped markt rs can be transported from the jejunum to other compartments under the conditi >ns of these experiments. It should be noted that these experiments utilized the proximal end ,f the jejunum. However, digestion and absorption are sequential processes which occur over the entire length of the gastrointestinal tract. It is possible that in situ stu.Jies of other segments of the tract, e.g. ileum. may produce results different than those presented here. Other variables, such as liposomal size and type (unilamelar 1;~ multilamellar) remain to be examined for their influence on the uptake process.
The studies presented here provide methodologies and procedures to study the obviously complex parameters influencing the effectiveness of liposomes as ; n oral drug delivery system.
